Arterial function after long-term hypertension is characterized by remodeling, endothelial dysfunction and reduction of previously enhanced contractile responses. We investigated whether transient prehypertensive renin-angiotensin-aldosterone system (RAAS) blockade modifies long-term arterial function. Wistar Kyoto rats (WKY) (i) and spontaneously hypertensive rats (SHR) (ii) were prehypertensively (week 4-8) treated with losartan (iii) or spironolactone (iv) (20 and 0.5 mg/kg/day, respectively) and investigated at 8 and 72 weeks of age. Systolic blood pressure (SBP) was measured intra-arterially. In isolated mesenteric arteries, active wall stress (AWS), relaxation in response to acetylcholine and wall-to-lumen ratio (W/L) were assessed. Western blotting and immunofluorescent staining of whole-mount arterial preparations and two photon laser scanning microscopy (TPLSM) were performed to quantify endothelial nitric oxide synthase (eNOS) and analyze its intracellular distribution. In 8-week-old SHR treatments were found to have reduced SBP. Relaxation, contractile responses and vascular morphology remained unaffected irrespective of treatment. At 72 weeks, SBP was similar in all SHR groups ((i) 129 ± 6, (ii) 222 ± 10, (iii) 210 ± 16, (iv) 214 ± 9 mmHg). Relaxation and maximum AWS were enhanced after treatments. W/L demonstrated hypertrophy ((i) 0.10 ± 0.01, (ii) 0.16 ± 0.02, (iii) 0.15 ± 0.01, (iv) 0.17 ± 0.01). Untreated SHR (p <0.01), SHR treated with losartan and SHR treated with spironolactone (p <0.05) showed less eNOS as compared to WKY. In treated SHR eNOS was concentrated in a perinuclear endothelial cell compartment. In conclusion, these findings demonstrate that transient prehypertensive blockade results in a long-lasting and blood pressure independent improvement of arterial contractility and endothelium-dependent vasodilatation that persists in aging SHR. This might be associated with an intracellular redistribution of eNOS in the endothelial cell layer. (Hypertens Res 2007; 30: 853-861) Key Words: prehypertensive treatment, vascular structure, endothelial function, endothelial nitric oxide synthase From the 1)
Introduction
It is well established that transient prehypertensive treatment of young spontaneously hypertensive rats (SHR) with various antihypertensive agents' results in prolonged reduction of mean arterial pressure (MAP). The reduction persists into adulthood after the withdrawal of treatment. This has in particular been investigated for agents that suppress components of the renin-angiotensin-aldosterone system (RAAS) (1) (2) (3) (4) . The factors responsible for altering the blood pressure development of SHR remain unknown. However, several authors have suggested that these drugs have long-lasting influences on the feedback regulation of the RAAS (4, 5) .
The mechanisms are a matter of controversy. It is generally believed that an increased responsiveness to vasoconstrictor stimuli and alterations of arterial structure are involved. Intraluminal pressure and constrictor stimuli are persistently increased in SHR. These effects in turn induce and maintain arterial remodelling and prolonged vasoconstriction (1) . The components of the RAAS contribute to these contractile stimuli which show lifelong activity (6) . Angiotensin II and aldosterone, the active components of the RAAS, in turn further complicate hypertension and cardiovascular pathologies by enhancing blood pressure and cardiovascular end-organ damage (7) (8) (9) .
Endothelial dysfunction can be considered one of the longterm consequences of hypertension along with arterial remodelling and increased contractility (6, 10) . Pharmacological interventions targeting RAAS improve the endotheliumdependent relaxant responses in aorta and mesenteric arteries of SHR. This has been shown for an angiotensin-converting enzyme (ACE)-inhibitor, angiotensin II type 1 (AT1) receptor-antagonist and an aldosterone antagonist (8, 11) . These agents have also been shown to reduce blood pressure and end-organ damage (11) (12) (13) .
Effects of transient prehypertensive treatment in this context are largely unknown. The blood pressure reduction induced in SHR by RAAS blockade is known to persist into adulthood (36 weeks of age). This is associated with cardiac and renal protection (3, 5) while arterial hypertrophy remains unaffected (10) . However, there are no data on the effects of transient prehypertensive treatment on vascular reactivity. In addition, there are no data on the long-term effects of this treatment after restoration of hypertension at an even older age (e.g., 72 weeks of age). Therefore it remains unclear whether transient prehypertensive treatment has effects on arterial structure and reactivity and to what extent they are related. Theoretically, arterial effects could be 1) related to the direct antihypertensive action during prehypertensive treatment, 2) related to the prolonged antihypertensive action, or 3) blood pressure independent. The latter would imply that the effects of RAAS modulation during the early stages of life would have consequences for long-term mechanisms such as aging.
The purpose of the present study was to investigate: 1) whether prehypertensive RAAS blockade has blood pressure related or unrelated effects on arterial morphology or reactivity that persist up to advanced age and 2) whether effects differ between AT1 receptor blocker and aldosterone antagonism in SHR.
Methods

Experimental Set-Up
Male Wistar Kyoto rats (WKY) (n= 9) and SHR (n= 45) were obtained from Charles River (Maastricht, The Netherlands). The rats were fed a normal sodium diet and had free access to water. All experiments were approved by the Animal Ethics Committee of Maastricht University and were performed in accordance with institutional guidelines. At 4 weeks of age, rats were randomly assigned to either the treatment (SHR-Los: losartan 20 mg/kg per day; SHR-Spiro: spironolactone 0.5 mg/kg per day; n= 15 each group) or the control groups (SHR [n= 15] or WKY [n= 9]). Treatments were performed continuously from week 4 to 8 of age using subcutaneously implanted minipumps. At 8 weeks systolic blood pressure (SBP) was measured in SHR (n= 6 per group), using an intra-arterial catheter under pentobarbital anaesthesia. Then, two first-order mesenteric artery branches were removed from each rat and subjected to in vitro investigation. The remaining rats (n= 9 per group) were housed under controlled conditions of temperature (21°C) and light (12-h light/dark cycle, 7 AM to 7 PM) and maintained to 72 weeks of age. In aged rats blood pressure was measured and small mesenteric arteries were harvested using similar techniques as in 8-week-old rats.
Arterial Reactivity
Two first order mesenteric artery segments were analyzed for each experimental animal. The segments were mounted using steel wires (diameter: 40 μm) in myograph organ bath (model 610M Danish Myotechnology by J.P. Trading, Denmark) for isometric tension measurements. Organ baths were filled with a Krebs-Ringer bicarbonate buffer, maintained at 37°C and aerated with 95% O2 and 5% CO2. The arterial segments were stretched until maximal contractile responses to 40 mmol/L potassium solution (K + ) were obtained; this was considered the optimal diameter for the remainder of the study. Contractile responses were further obtained with noradrenaline (NA, 10 − 8 -10 − 4 mol/L) and electrical field stimulation (EFS, 0.1-16 Hz) of the perivascular autonomic nerves. Effects were investigated during contraction with 40 mmol/L K + using acetylcholine (ACh, 10 − 8 to 10 − 5 mol/L, half-log units) and sodium nitroprusside (SNP, 10 − 8 -10 − 5 mol/L).
Drugs and Solutions
Krebs-Ringer bicarbonate buffer contained the following (in mmol/L): NaCl, 118.5; MgSO4⋅7H2O, 1.2; KH2PO4, 1.2; NaHCO3, 25.0; CaCl2, 2.5; glucose, 5.5. Solutions containing different concentrations of K + were prepared by replacing part of the NaCl an equimolar amount of KCl. Noradrenaline was obtained from Sigma Chemical Co. (St. Louis, USA), ACh chloride from Janssen Chimica (Beersen, Belgium), and SNP from Acros (Geel, Belgium). All agents were dissolved in distilled water.
Vascular Morphology of Mesenteric Arteries
After experimentation, arteries were fixed overnight at their optimal diameter by replacing the organ-bath solution with phosphate-buffered (pH 7.4) formaldehyde (4%). The next day, arteries were transferred to 70% ethanol and processed for histological examination. Arterial segments were embedded in paraffin and Lawson solution (Boom B.V. Meppel, The Netherlands) was used to stain the internal and external elastic laminae in 4-μm-thick cross-sections. To visualize the elastic laminae, a Zeiss Axioscope (Zeiss, Jena, Germany) and a standard CCD camera were used (Stemmer, Munich, Germany). Media cross-sectional area (CSA) was calculated by subtracting the area enclosed by the internal elastic lamina from the area enclosed by the media-adventitial border using commercial software (JAVA 1.21; Jandel Scientific, Corte Madera, USA). Lumen diameter (D) was calculated from the internal circumference assuming a circular cross-section. Media thickness (Mt) was derived from the CSA and D measurements.
Endothelial Nitiric Oxide Synthase Staining/Two-Photon Laser Scanning Microscopy
Formalin fixed whole vessel segments were pretreated with Triton-PBS buffer. Thereafter the whole segment was incubated with monoclonal endothelial nitiric oxide synthase (eNOS) mouse antibody (N30020 Transduction Laboratories, Exeter, UK), followed by a fluorescein isothiocyanate (FITC) labeled rabbit anti-mouse antibody (Alexa 488 Molecular Probes, Leiden, The Netherlands).
After eNOS antibody treatment, vessels were imbedded in 1.5% agarose gel and co-stained with cell nuclei markers SYTO 41 (final concentration = 2.0 μmol/L) or propidium iodide (final concentration = 1.5 μmol/L). Both probes were obtained from Molecular Probes and dissolved in Hanks Buffered Saline Solution (HBSS, pH 7.4) containing (mmol/ L): 137 NaCl, 14.9 HEPES, 5.5 glucose, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, and 1.2 MgSO4.
Imaging was performed on a Nikon E600FN microscope (Nikon Corporation, Tokyo, Japan), coupled to a standard Biorad 2100 MP multiphoton system (BioRad, Hemel Hempstead, UK). The excitation source was a pulsed Ti:sapphire laser (Spectra Physics Tsunami, Mountain View, USA) tuned and mode-locked at 800 nm. Laser light reached the sample through the microscope objective (60 ×, water dipping, numerical aperture 1.0). Maximum field of view was 206 μm × 206 μm. Further magnification with higher resolution was achieved by optical zoom in the scan head.
Three tubes (PMT) were used to detect the emitted fluorescent signals (14) . For imaging of the fluorescent markers, PMTs were tuned corresponding to the emission spectra of the used fluorescent markers: SYTO 41 450-470-nm (PMT I); FITC labeled eNOS antibody, 500-550 nm (PMT II); propidium iodide (PI) 570-700 nm (PMT III). Laser power was kept as low as possible to prevent photochemical and thermal damage to the sample. Imaging speed was 0.1 Hz with a pixel dwell time of 39 μs, or 0.3 Hz with a pixel dwell time of 12 μs combined with Kalman filtering (n= 3 cycles) for noise reduction. From all PMTs, separate images of 512 × 512 pixels were obtained (color coded blue, green and red) and combined into a single image. All images were recorded in the xyplane and are shown without further image processing. Threedimensional (3D)-reconstructions of the scanned volume were obtained from z-stacks (a series of xy-images at successive depths; z-step 0.45 μm or 0.6 μm). For the reconstruction of 3D images additional processing was performed using the Image-pro plus 6.0 and 3D-constructor 5.1 packages (Media Cybernetics, Silver Spring, USA).
The two-photon laser scanning microscopy (TPLSM) images were semiquantitatively analyzed. Intensity of staining was differentiated into poor (−), good (+) and very good (++). We determined the intensity for whole endothelial cells, their cytoplasmand their perinuclear region.
Western Blotting
Aorta from adult untreated and treated SHR (n= 5 per group) were prepared and analyzed by Western blotting. Briefly, membranes were incubated with rabbit monoclonal antibody against eNOS (~135 kD) diluted 1:2,500, in washing solution at room temperature for 1 h. The membranes were then washed, incubated with anti-rabbit horseradish peroxidase− conjugated second antibody 1:2,000 for 1 h at room temperature, and washed extensively. Membranes were incubated with Chemiluminescence Blotting Substrate (Boehringer Mannheim, Mannheim, Germany) according to the manufacturer's protocol, and exposed to film that was immediately 
Results
Blood Pressure
Blood pressure results are summarized in Table1. SBP was significantly higher in untreated SHR than in WKY at 8 weeks of age. SHR treated from 4 to 8 weeks of age had significantly lower SBP than untreated SHR at 8 weeks of age. Comparable blood pressure lowering was obtained with losartan and spironolactone.
In 72-week-old animals (64 weeks after drug withdrawal) SHR had significantly elevated SBP as compared to WKY. Prehypertensively treated SHR showed SBP values comparable to those in untreated SHR (Table 1 ).
Morphological Properties of Small Mesenteric Arteries
In 8-week-old SHR, lumen diameter, media CSA, media thickness and wall-to-lumen ratio (W/L) were comparable between the untreated and prehypertensively treated groups ( Table 2 ). In 72-week-old animals, SHR showed increased values as compared to WKY. Prehypertensively treated SHR did not show different values as compared to untreated SHR. Prehypertensive losartan treatment led to a slightly smaller W/L than spironolactone treatment when compared to WKY ( Table 2) . 
Contractile Responses and Active Wall Stress
To assess receptor-dependent, receptor-independent and neurogenic contractile responses, isolated small mesenteric arteries of young and aged animals were treated with potassium (K + ), NA, and EFS, respectively (Table 3 ). In 8-week-old SHR the responses to K + , NA and EFS were comparable between untreated and prehypertensively treated. In 72-week-old animals depolarization lead to comparable contraction in untreated SHR and WKY. Prehypertensively treated SHR showed significantly increased contractile responses to depolarization as compared to untreated SHR and WKY. Responses were accentuated in prehypertensively losartan-treated SHR. The values of the active wall stress (AWS) during depolarization (after correction for alterations in media thickness) were comparable between untreated SHR and WKY. Prehypertensively treated SHR showed significantly increased AWS to depolarization as compared to untreated SHR and WKY. Responses were similar between the two prehypertensively treated SHR groups.
In 72-week-old animals NA and EFS led to larger contractile responses in untreated SHR than in WKY. Responses of prehypertensively treated SHR were non-significantly elevated as compared to SHR and significantly increased as compared to WKY. Responses were similar in both prehypertensively treated SHR groups. The AWS during NA (correcting the AWT for alterations in media thickness) were comparable between untreated SHR and WKY. Prehypertensively losartan-treated SHR showed significantly increased AWS as compared to untreated SHR, WKY and in particular SHR-Spiro. The ratio of EFSmax/NAmax as an estimate of sympathetic neuroeffector function in untreated SHR was significantly increased as compared to WKY. Ratios were similar in the two prehypertensively treated SHR groups.
Relaxation Responses
In 8-week-old SHR the responses of ACh and SNP during K +induced contraction were comparable between the untreated and prehypertensively treated groups (data not shown). In 72week-old animals endothelium-dependent relaxation was significantly lower in SHR as compared to WKY ( Fig. 1 ; p< 0.001). Prehypertensively treated SHR showed significantly ameliorated endothelium-dependent relaxation as compared to untreated SHR (p< 0.05). Reponses were similar in prehypertensively treated SHR groups. The endotheliumindependent relaxant agent SNP roduced similar relaxations irrespective of strain and prehypertensive treatment.
Quantification of Aortic eNOS
Using aortic tissue eNOS density was quantified in untreated and treated SHR by Western blotting. Untreated SHR showed 50% less eNOS as compared to WKY (p< 0.01). SHR-Los and SHR-Spiro also demonstrated less eNOS than WKY and did not differ significantly from untreated SHR (p< 0.05) (Fig. 2) . 
Fig. 1. Endothelium-dependent (A) and -independent (B) relaxation in small mesenteric arteries of 72-week-old untreated WKY and SHR and 72-week-old SHR that were prehypertensively treated with losartan or spironolactone. A: The concentration of ACh needed to half maximally relax potassium precontracted small mesenteric arteries was significantly lower in WKY (−log
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Localization of eNOS in Mesenteric Arteries
Whole vessel segments were investigated for eNOS density and intracellular distribution using TPLSM (Fig. 3) . Semiquantitative analysis of the TPLSM are summarized in Table  4 . In 72-week-old SHR significantly less endothelial eNOS was apparent as compared to WKY and endothelial cells were stained above the detection limit. In SHR the fluorescent signal was less intense, while in WKY the majority of the signal was localized in one intracellular area located on one side of the nucleus. Prehypertensively treated SHR showed similar amounts of eNOS as compared to untreated SHR. The amounts were similar in prehypertensively treated SHR groups. In contrast to the blurred localization in untreated SHR, prehypertensively treated SHR displayed plasmalemmal and perinuclear distributions of eNOS that were comparable to that in WKY.
Discussion
This study demonstrates that short-term RAAS blockade in young SHR resulted in altered reactivity of small mesenteric arteries at 64 weeks after withdrawal of the treatment. The alterations consisted of increased vasoconstriction and reduced endothelial dysfunction and were not associated with a persistent reduction of arterial hypertrophy and blood pressure. Effects were largely similar after transient prehypertensive therapy with losartan or spironolactone. These findings suggest that early inhibition of the RAAS might lead to a long lasting resetting of this humoral axis that slows the deterioration of small artery function with aging.
Prehypertensive RAAS blockade was induced by losartan or spironolactone from 4 to 8 weeks of age. At the end of these treatments, blood pressure was reduced but contractile responses and endothelial dysfunction were not modified. These findings suggest that brief antihypertensive RAAS blockade in prehypertensive SHR had no immediate effects on vascular structure and reactivity despite significant blood pressure lowering. This was unexpected as prehypertensive SHR are considered to demonstrate increased RAAS mediated contraction, angiotensin II receptor density and hypertrophic remodeling (15, 16) . This might be explained by the short duration of the treatment and by the relatively small blood pressure lowering (10) .
We (17) and others (3, 4) demonstrated previously that blood pressure lowering after prehypertensive treatment persists into adulthood (i.e., 36 weeks of age). In contrast to earlier studies that were terminated at this age we continued to monitor blood pressure and observed a restoration of hypertension at later stages of life (17) . This is supported by our present results that at 72 weeks of age, blood pressure no longer differ between prehypertensively treated and untreated SHR. This demonstrates that the blood pressure lowering effects of this treatment strategy were not life-long effects. The similar blood pressure values between the three 72-weekold SHR groups led us to conclude that the arterial changes observed in the old SHR treated at young age were not the direct consequence of a lower blood pressure (6, 10) .
In line with the absence of a blood pressure lowering effect, small artery structure did not differ. In contrast to these findings prehypertensive treatment resulted in increased maximal contractile responses to all stimuli investigated. When the Fig. 2 . Western blotting of eNOS in aortic tissue of 72-week-old WKY, untreated and prehypertensively treated SHR. Untreated SHR, and SHR that were prehypertensively treated with losartan or spironolactone demonstrate similar densities of eNOS. However significant differences in comparison with WKY were apparent between untreated (**p< 0.01) and prehypertensively treated SHR (*p< 0.05). The blot shows WKY rats and three rats per SHR group. thickness of the tunica media was taken into account, differences between old SHR with and without prehypertensive treatment persisted. This indicates that prehypertensive RAAS blockade resulted in increased contractility of the arterial smooth muscle in old SHR which was more marked after prehypertensive treatment with losartan than spironolactone. Whether this reflects a predominantly AT1 receptor dependent alteration or a dosage phenomenon remains unclear. Recently Demirci et al. described a reduction of contractile responses during aging of SHR which was partially antagonized by continuous losartan treatment (18) . Our data now suggest that not only continuous but also transient prehypertensive RAAS blockade might decelerate the loss of arterial contractility with aging in a blood pressure independent manner. Nakaya et al. proposed a role for resetting of the RAAS in the prevention of the premature aging of the kidney (5) .
Unlike the results previously reported for smooth muscle, the neuroeffector mechanisms in the present study did not seem to be modified by the prehypertensive treatments. While the ratio of the maximal response to nerve stimulation to the maximal response to noradrenaline was markedly higher in SHR compared to WKY, this functional index of sympathetic nerve density did not differ between untreated and prehypertensively treated SHR. Periarterial innervation, which in the rat is established during the first 2 weeks of life, thus seems not to be persistently altered by RAAS blockade between 4 and 8 weeks of age (19) .
With respect to the endothelium we recorded responses to acetylcholine during K + -induced contraction in order to concentrate on nitric oxide (NO) in the absence of influences of endothelium-derived hyperpolarizing factor. At 72 weeks of age these responses were ameliorated in prehypertensively treated SHR as compared to untreated SHR. Thus, not only contractile responses but also endothelium-dependent responses were improved by this treatment strategy in a blood pressure independent manner. Reversal of decreased bioavailability or synthesis of endothelium-derived NO, or of the dysfunction of vascular smooth muscle in aging hypertensive animals, may have contributed to these improved responses. The latter possibility can be dismissed by the finding that SNP, an NO donor, produced an equal degree of relaxations in SHR small mesenteric arteries, irrespective of treatment. Losartan and spironolactone both inhibit NAD(P)H oxidasemediated O2 − synthesis and enhance antioxidant superoxide dismutase activity in the small mesenteric arteries (20, 21) . As a consequence, this increases NO bioavailability (22, 23) . We therefore suggest that the beneficial effects of prehypertensive treatments were at least partially mediated by enhanced endothelial supply of NO.
We demonstrated that transient losartan and spironolactone had similar long-term consequences on the endothelial function. Similar results were obtained with chronic AT1 receptor blockade and aldosterone antagonism, where treatment increased eNOS and reduced oxidative stress (9, 24, 25) . Thus, one explanation could be that transient losartan and spironolactone treatment affect the same pathway as chronic treatment. It may be additionally speculated that both treatments could stimulate the angiotensin II type 2 (AT2) receptor, thereby promoting NO release (26) . Independent of the underlying mechanism, an improved endothelial function reduces cardiovascular risk (27) (28) (29) .
To substantiate that the enhanced responses in prehypertensively treated SHR were related to the synthesis of NO, we investigated eNOS in aortic tissue. Using Western blotting we demonstrated that the concentration of eNOS was lower in untreated SHR than in WKY, and that this was not significantly altered by prehypertensive treatment. Thus other mechanisms could be involved in the enhanced responses. As NO synthesis depends on the intracellular distribution of eNOS (30) we investigated the endothelial cell layer of mesenteric arteries in untreated and treated SHR using TPLSM and its semiquantitative analysis. As expected, the density of eNOS was larger in WKY than in SHR with dense staining in a perinuclear region at one side of the nucleus, which was most likely the Golgiapparatus (30) . This perinu-clear staining was absent in the endothelium of untreated SHR. Prehypertensively treated SHR demonstrated similar densities of eNOS as untreated SHR, thereby confirming our Western blot results. However, prehypertensively treated SHR demonstrated a perinuclear staining at the same perinuclear region as WKY, albeit at a lower concentration. The consequences of this eNOS localization remain uncertain.
However, because the distribution, but not the amount, of eNOS is associated with endothelial function in untreated and prehypertensively treated SHR, the specific eNOS distribution might have functional consequences (31) . Recent studies suggest that such a distribution can be modulated by wall shear stress (30) . Furthermore, the perinuclear eNOS distribution can attenuate oxidative stress and peroxynitrite production as the therefore necessary NADPH oxidases are commonly distributed at the cell membrane (32) . In hypertension, oxidation of tetrahydrobiopterin by NADPH oxidase culminates in increased production of reactive oxygen species by NO synthases (22) . The combination of eNOS expression and intracellular distribution could result in the enhanced endothelium-dependent responses seen in prehypertensively treated SHR.
In summary, we demonstrated that prehypertensive RAAS inhibition resulted in small mesenteric arteries of old SHR in increased maximal contractile responses and ameliorated endothelial function as compared to untreated SHR. This process was blood pressure independent. As explanation we propose a long-lasting pharmacological resetting of the RAAS that culminates in deceleration of the premature aging of arterial function in SHR. 
